Abstract Decapod crustaceans grow discontinuously and gain size through complex molt processes. The molt comprises the loss of the old cuticle and, moreover, substantial reduction and re-organization of muscles and connective tissues. In adult lobsters, the muscle tissue of the massive claws undergoes significant atrophy of 40-75% before ecdysis. The degradation of this tissue is facilitated by calcium-dependent proteases and by the proteasome, an intra-cellular proteolytic multi-enzyme complex. In contrast to the adults, the involvement of the proteasome during the larval development is yet not validated. Therefore, we developed micro-methods to measure the 20S and the 26S proteasomal activities within mg-and sub-mg-quantities of the larval claw tissue of the European lobster, Homarus gammarus. Within the three larval stages (Z1-3) we distinguished between sub-stages of freshly molted/hatched (post-molt), inter-molt, and ready to molt (pre-molt) larvae. Juveniles were analyzed in the post-molt and in the inter-molt stage. The trypsin-like, the chymotrypsin-like, and the peptidyl-glutamyl peptide hydrolase activity (PGPH) of the 20S proteasome increased distinctly from freshly hatched larvae to pre-molt Z1. During the Z2 stage, the activities were highest in the post-molt animals, decreased in the inter-molt animals and increased again in the pre-molt animals. A similar but less distinct trend was evident in the Z3 stages. In the juveniles, the proteasomal activities decreased toward the lowest values. A similar pattern was present for the chymotrypsin-like activity of the 26S proteasome. The results show that the proteasome plays a significant role during the larval development of lobsters. This is not only reflected by the elevated activities, but also by the continuous change of the trypsin/ chymotrypsin-ratio which may indicate a shift in the subunit composition of the proteasome and, thus, a biochemical adjustment to better cope with elevated protein turnover rates during larval development.
Introduction
Crustaceans have to shed their exoskeleton when they grow. To be able to slide out of their old shell, they have to reduce muscle tissue. This mold-induced muscle atrophy is most distinct in the large claws of the thoracopods (Mykles 1999a) where the muscle tissue may be degraded by 40-75% (Skinner 1966; Shean and Mykles 1995) . Although the muscle is weakened, its contractile function remains largely intact. This is due to the fact, that the muscle fibers and myofibrils are less degraded but, instead, the filament packing is compressed. So, the ratios of thin to thick myofilaments decrease from 9:1 to 6:1 (Mykles and Skinner 1981) . This reduction and re-organization is accompanied by a drastic increase in both protein degradation and protein synthesis (e.g.,El Haj et al. 1996) . The high protein turnover rate seems to be necessary to perform the complex remodeling process. Two different but complementary proteolytic systems are mainly responsible for the muscle degradation in lobsters: calcium-dependent calpain-like proteases and proteasome (Mykles 1990 (Mykles , 1999b Mykles and Haire 1991; Koenders et al. 2002) .
The proteasome is a highly conserved multi-catalytic protease complex, which is present in prokaryotes as well as in all tissues of eukaryotes (Baumeister et al. 1998; De Mot et al. 1999) . Since the majority of redundant proteins and peptides are degraded via the ATP/ubiquitin-dependent proteasomal pathway, the proteasome seems to hold a regulatory key position within cells (Hochstrasser 1995) . It is involved in, e.g., cell-cycle control, cell differentiation, apoptosis, antigen processing and signal transduction (Voges et al. 1999) . The proteasome of eukaryotes consists of a core complex, denoted as 20S proteasome (*700 kDa), which forms together with two regulatory subunits, the 26S proteasome (*2.5 MDa). The catalytic centers are located within the barrel-shaped 20S core unit (Baumeister et al. 1998) .
The 20S core complex is made up of 28 subunits, which are organized in four-stacked rings. The two outer rings consist of seven different a-subunits and form a pore on each side, which is accessible only by unfolded proteins or short polypeptides. The two inner rings consist of seven different b-subunits and only they buid up the hydrolytic chamber. However, only three subunits of each b-ring are proteolytically active. The sites are named after their preferred cleaving mechanism: the trypsin-like site (b2) cleaves preferentially after basic residues, the chymotrypsin-like site (b5) cleaves after large hydrophobic residues, and the peptidyl-glutamyl-peptidase hydrolase-like (PGPH) site, recently more correctly referred to as caspase-like site (b1), cleaves after acidic residues. The subunit composition of the proteasome can vary depending on, e.g., posttranslational modification, on the target tissues, or the age of the organism (Frisan et al. 1998; Dahlmann et al. 2000; Husom et al. 2003) . Depending on the subunit composition, the proteasome may display different catalytic cleavage preferences.
The early developmental stages of crustaceans are subjected to immense morphological and anatomical changes through a series of rapidly succeeding molts. Within about 14 days, the larvae pass three zoea stages and molt into the first juvenile stage (Charmantier et al. 1991; Schmalenbach and Fanke 2010) . Similar to the adults, the larvae have to reduce and re-organize their muscles as well as the connective tissue. So far, only limited information is available about the mechanisms, which control these vital physiological processes in crustacean larvae.
We raise the hypothesis that the proteasome is already involved in the molts between the larval stages. Therefore, the aim of the present work was to study the contribution of the 20S and the 26S proteasome during larval development of European lobsters (Homarus gammarus). As target organ, we chose the claws of the larvae because the muscle tissue in these claws most probably undergoes similar modification as in adults. Moreover, the claws consist mainly of muscle and connective tissue and, thus, have the advantage of providing solely the proteasomal enzymes of interest. Using entire larvae would be detrimental because the comparatively huge midgut gland would contribute highly active digestive enzymes, including trypsin and chymotrypsin. Since these enzymes are able to degrade the substrates used for proteasomal measurements, the digestive enzymes would interfere with the proteasomal enzymes or mask their activities. However, since the claws are extremely small, weighing mostly less than 2 mg, we first had to establish sensitive micro-assays to guarantee reliable and reproducible enzyme measurements. We focused our studies on the ontogenetic changes and molt cycles of individual larvae. Crude extracts were prepared from claws and the proteasomal activities were verified by the highly specific effectors epoxomicin and PA28 (Mykles 1996; Meng et al. 1999; Kisselev and Goldberg 2001) . The results will help to better understand larval development and those processes that influence molt success in early developmental stages of decapod crustacea.
Materials and methods

Maintenance and rearing of lobster larvae
Lobster larvae of all three zoea stages (Z1-Z3) as well as the first juvenile stage (J1) were obtained from the lobster rearing facility of the Marine Station Helgoland and shipped to the laboratories in Bremerhaven. Immediately after arrival, the larvae were separated and maintained individually in 100-ml beakers filled with filtered natural seawater. The water temperature ranged between 17 and 19°C. The seawater was exchanged daily and the larvae were fed with freshly hatched nauplii of the brine shrimp Artemia salina. The overall mortality of the lobster larvae in the rearing experiments was less than 10%.
One group of larvae (n = 15) was allowed to grow up until they reached the juvenile stage. This approach was used to determine the duration of the larval stages at the given experimental conditions (Table 1) . Additional data about the duration of larval development were provided by Schmalenbach and Fanke (2010) .
The samples were taken after molting (post-molt), during the inter-molt phase (inter-molt), and before the next molt (pre-molt) of each stage. Z1 larvae were sampled after hatching (Z1/1) to obtain the post-molt individuals. When the developmental times were unknown, the larvae were first raised until they molted into the subsequent stage.
Thereafter, controlled sampling could be performed after defined periods.
The post-molt individuals were sampled at the latest 12 h after hatching or molting, but preferably as early after ecdysis as possible. The inter-molt individuals were sampled after they passed half of the predicted duration of the respective stage. To sample the pre-molt animals in due time, the larvae of the respective batch were controlled for the first animal to molt into the next stage. When this happened, it was assumed that the larvae of this batch were also at a stage shortly before the molt and, consequently, were sampled. A detailed schedule illustrating the molt intervals and the sampling strategy is shown in Fig. 1 .
Extract preparation
From single larvae of each molting stage, both claws were completely excised, briefly blotted dry on filter paper and transferred into a reaction tube. The claws were weighed and homogenized in 45 ll of homogenizing buffer (20 mmol l -1 Tris/HCl, 1 mmol l -1 EDTA, 5 mmol l
MgCl 2 , pH 7.5) using a micro-pestle. Subsequently, the extracts were centrifuged for 10 min (9000g, 4°C) and split into two samples of 20 ll each. The aliquots were stored at -80°C until further analysis.
Proteasomal activities
The proteasomal activities were investigated in claw muscle extracts of lobster larvae from each molt stage (n = 6-10 individuals). The trypsin-like, chymotrypsin-like and peptidylglutamyl peptide hydrolase activities (PGPH) of the 20S proteasome were assayed by using the fluorogenic substrates Boc-Leu-Arg-Arg-AMC (PeptaNova, 3140), Suc-Leu-LeuVal-Tyr-AMC (Enzo Life Sciences, P-802) and Z-LeuLeu-Glu-AMC (Enzo Life Sciences, 9345). Additionally, the trypsin-like and the chymotrypsin-like activities were verified by inhibition of the enzymes by the highly specific inhibitor epoxomicin (PeptaNova, 4381-0.02). The PGPH activity was not inhibited but, instead, activated by the endogenous regulatory complex PA28 (11S regulatory subunit, Enzo Life Sciences, 9420-0025). The chymotrypsin activity of the 26S proteasome was determined with the substrate for the chymotrypsin-like activity and with the inhibitor. The only difference was the composition of the assay buffer. The buffer for measuring the 20S proteasome contained 0.1 M Tris at a pH of 8, while the buffer for measuring the 26S proteasome contained 5 mmol l -1 Tris, 4 mmol l -1 HCL, 5 mmol l -1 MgCl 2 and 2 mmol l -1 ATP at the same pH. The sensitivity of the 20S proteasome against epoxomicin as well as its specificity was first examined with claw muscle tissue of adult European lobster samples. The applied concentrations of epoxomicin ranged for the chymotrypsin-like activity from 2.5 to 50 lmol l -1 and for the trypsin-like activity from 10 to 100 lmol l -1 . Blanks were run to determine the auto-fluorescence of the substrate and of the inhibitor, respectively. Additionally, one approach served as control for the level of uninhibited activity.
The specificities of the effectors, epoxomicin and PA28, were determined by comparing the grade of inhibition or the grade of activation in samples containing 20S proteasome or gastric fluid, respectively. The gastric fluid is rich in digestive enzymes such as trypsin, chymotrypsin and other proteases, but does not contain proteasome. Digestive trypsin and chymotrypsin are capable of degrading the same fluorogenic substrates as the proteasome. However, in contrast to the proteasome, the gastric enzymes should neither be affected by epoxomicin nor by PA28. The gastric fluids of three adult European lobsters were obtained directly from the stomach with a syringe connected to a plastic tube. The samples were centrifuged for 15 min at 1,3000g and 4°C to remove food residues and were diluted 1:20 with demineralized water (a. dem.) before they were applied into the reaction tubes. First, the trypsin and the chymotrypsin activities of the gastric fluids were determined to obtain the unaffected level of activity. Concurrently, assays were run with epoxomicin with concentrations of 100 lmol l -1 for the trypsin-like activity and 5 lmol l -1 for the chymotrypsin-like activity. Additionally, it was investigated whether the gastric enzymes were able to degrade the PGPH substrate and whether the activity can be enhanced by PA28. The PA28 concentration amounted to 4 lg ml -1 .
Enzyme micro-assays with the NanoDrop device Fluorometric enzyme micro-assays were carried out with a NanoDrop device as described by Götze and Saborowski (2011) . The instrument requires only 2 ll of reaction mixture. Accordingly, the total volume of the reaction mixture was reduced to 25 ll. It contained 17.5 ll buffer, 5 ll enzyme solution (sample), 1.25 ll of substrate solution (final concentration for the trypsin-like activity was 0.75 mmol l -1 , for the chymotrypsin-like activity 0.5 mmol l -1 and for the PGPH-like activity 1.0 mmol l -1 ), and, in case, 1.25 ll of the inhibitor epoxomicin or the activator PA28 (final concentration 100 and 5 lmol l -1 , respectively). All substrates, except PA28 which was delivered already in solution, were dissolved in dimethyl sulfoxide (DMSO) and prepared as 10-or 20-fold stock solutions freshly before use. The reaction mixtures were incubated in micro-tubes at 37°C. The released fluorescence was measured exactly after 1 h, while 2 ll of the reaction mixture was taken from the reaction tubes and pipetted onto the optical pathway of the NanoDrop 3300 device (PeqLab). The fluorescence was measured at 365 nm (ex) and 437 nm (em). Blanks containing only buffer and the substrate but no enzyme were run in parallel to control substrate autolysis.
Protein assay
Dissolved protein was quantified after Bradford (1976) with a commercial dye reagent (BioRad, 500-0006). The reagent was diluted 1:5 with a. dem. before use. Bovine serum albumin (BSA, BioRad, 76290A) was used as standard. Increasing amounts of the standards from 0 to 5 lg were applied in duplicate onto a 96-well plate and filled up with a. dem. to 25 ll. Samples (5 ll) were applied in duplicate and filled up to 25 ll. The reactions were started with the addition of 125 ll of the diluted dye reagent (1:5 with a. dem.) to each standard and each sample. After 5 min of incubation, the optical density was read at 600 nm with a microplate reader (Thermo Scientific, Multiscan SF).
Quantification and data analysis
Trypsin and chymotrypsin activities were measured with and without the inhibitor epoxomicin. Only the shares of the enzyme activities which were inhibited were regarded as true proteasomal activities. The relative fluorescence (RF) obtained from the enzymatic measurements was quantified in relation to the protein content of the sample and expressed as Units g (1 U = 1 lmol min -1 ). A calibration curve was established with 7-amino-4-methylcoumarin (AMC, Fluka, 08440). The AMC was dissolved in DMSO and prepared as tenfold stock solutions for concentrations from 0.025 to 10 lmol l -1 . Then, 2.5 ll of the particular concentration was added to 22.5 ll of assay buffer and the fluorescence was measured with the NanoDrop device. Each concentration was measured in five replicates, which were used to calculate a calibration curve.
The data were expressed as mean specific activities (U g ) and the standard errors of the means (SEM). Data sets were subjected to a one-way ANOVA followed by a Tukey HSD test (Statistica 7.1, Systat Software, Inc.). Significant differences between groups were indicated by different letters when p values B 0.05. Graphs were created with the program SigmaPlot 10.0 (Systat Software, Inc.).
Results
Weight and protein content
The size, fresh weight and protein content of the claws increased significantly during the development of the lobster larvae. The fresh weight and protein content displayed a statistically significant correlation (Fig. 2, r 2 = 0.6, n = 110, p \ 0.001).
The weight of a pair of claws increased significantly from stage to stage (Fig. 3) . The claws of the Z1 larvae weighed on average 0.63 mg. The weight increased until the first J1 stage to about 2.9 mg. The protein content rose continuously from 15.9 lg in Z1 to 23.7 lg in Z3. Between Z3 and J1, the protein content increased about 2.3-fold to an average of 55.3 lg.
The weight and the protein content did not change significantly within the three molt stages of Z1 (Fig. 3) . Both values, however, increased in Z2 larvae significantly. This trend continued for the fresh weight within the Z3 larvae. The claws of pre-molt Z3 individuals were significantly heavier than those of post-molt Z3. The protein content rose from the post-molt to the inter-molt individuals significantly, but the pre-molt animals possessed less protein.
The two juvenile molt stages showed significantly higher weights than the larvae. The juvenile stages did not differ in their protein content.
Inhibition and activation of proteasomal activities
The trypsin-like and the chymotrypsin-like 20S proteasomal activities of the claw muscle extracts of the adult European lobsters were significantly inhibited by epoxomicin (Fig. 4) .
Over 93% of the chymotrypsin-like activity was inhibited when epoxomicin was present in the lowest concentrations of 2.5 lmol l -1 . Around 50% of the trypsin-like activity was inhibited by 10 lmol l -1 epoxomicin. Increasing concentrations of epoxomicin did not considerably enhance the inhibition of the chymotrypsin-like activity of the 20S proteasome. At the highest concentration of 50 lmol l -1 , only 3% of the initial activity remained. The trypsin-like activity was inhibited by 75% at the highest epoxomicin concentration of 100 lmol l -1 . In the gastric fluids of the adult European lobsters, the trypsin-like, chymotrypsin-like and PGPH-like activities were not significantly affected by epoxomicin (Fig. 5a) . The chymotrypsin-like activity was only reduced by 3%. The trypsin-like activity (103%) and the PGPH activity (104%) were slightly higher than in the uninhibited assays.
In contrast to the gastric fluid, the activities of the larval and juvenile lobster samples were highly affected by the inhibitor as well as by the activator (Fig. 5b) .
The chymotrypsin-like activities of all investigated stages were inhibited by more than 90%. The highest inhibition occurred in the Z3 stage where only 5.6% of the initial activity remained. The average inhibition amounted to 90.7%. No significant differences appeared between the stages. The trypsin-like activity was inhibited on average by about 75%. As in the chymotrypsin-like activity, no differences between the stages were detected. The endogenous activator complex PA28 enhanced PGPH activity on average by 45%.
Enzymatic activities of the 20S-and 26S proteasome
The catalytic activities of the three active sites of the 20S proteasome changed significantly within the larval development. The average trypsin-like, chymotrypsin-like and PGPH-like activities increased within the Z1 stages and remained at a high level until Z3. All three activities decreased significantly when the larvae developed into the Changes in activities were detected between the different molt stages (Fig. 6a-c) . The chymotrypsin-like activity of the 20S proteasome increased within Z1 individuals from initially 0.09 U g prt -1 and reached the highest in postmolt Z2 individuals with 0.30 U g prt -1 (Fig. 6a) . Then, the activity decreased drastically in inter-molt individuals (0.12 U g prt -1 ), but reached the highest again in the subsequent pre-molt individuals. Although the activity did not change significantly within Z3 molt stages, a decreasing trend was evident. This trend distinctly continued in the juvenile stage where the activities decreased from 0.13 U g prt -1 in post-molt individuals to 0.04 U g prt -1 in intermolt juvenile lobsters. Similar trends were also found for the trypsin-like (Fig. 6b) and the PGPH-like activities (Fig. 6c) . In both cases, the activities showed an increasing, though not significant, trend from freshly hatched Z1 larvae to the postmolt individuals of this stage. The inter-molt Z2 possessed lowest trypsin-like (0.40 U g prt -1 ) and PGPH-like (0.23 U g prt -1 ) activities and both activities increased again in post-molt Z3 individuals. Furthermore, both activities decreased in inter-molt individuals of Z3. This was followed by an increasing trend in pre-molt individuals again, although these differences were not statistically significant. In the juvenile lobsters, both activities decreased again. The chymotrypsin-like activities of the 26S proteasome followed a similar pattern as the 20S activities. Within the Z1-stage, the activity almost doubled from initially 0.12 to 0.19 U g prt -1 in the inter-molt stage (Fig. 7) . Highest activities were present in the pre-molt phases of Z2 and Z3 (0.23 and 0.24 U g prt -1 , respectively) whereas lowest activities appeared in the inter-molt stages (0.12-0.13 U g prt -1 ). Each stage possessed an individual ratio between the trypsin-like and the chymotrypsin-like activities (Fig. 8) . In all stages, the trypsin-like activity dominated. In freshly hatched Z1 individuals, the trypsin-like activity was almost five times higher than the chymotrypsin-like activity. In the subsequent stages, until post-molt Z2, the ratio of trypsin to chymotrypsin decreased to about 3. Inter-molt Z2 animals showed again slightly higher trypsin-like activities. The ratio changed in the following stages in favor of the chymotrypsin-like activity until the larvae developed into the inter-molt Z3 (2.1). The ratio increased significantly to 3.6 in pre-molt Z3. In the juvenile lobsters, the trypsin-like activity was fourfold higher than the chymotrypsin-like activity.
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Specific activity (U . Chymotrypsin-like (a), trypsin-like (b) and PGPH-like (c) activities of the 20S proteasome of the investigated larval and juvenile stages (n = 10, mean ± SEM). Different letters indicate significant differences within the respective stages (p \ 0.05)
Specific activity (U . Fig. 7 Chymotrypsin-like activities of the 26S proteasome within the larval and juvenile stages (n = 6, mean ± SEM). Different letters indicate significant differences within the single stages (p \ 0.05)
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Discussion
Our results indicate that proteasome plays an important role during the larval development of the European lobster. All catalytically active sites of the 20S proteasome as well as the chymotrypsin-like site of the 26S proteasome showed high activities within all larval stages. However, in the first juvenile stage, the activities decreased remarkably. Compared to the claw muscle tissue of adult European lobsters, the proteasomal activities of the larvae were several times higher than in adults. Accordingly, it is very likely that these high activities are indicative for the extensive physiological and anatomical changes which the larvae encounter during their development (Charmantier et al. 1991) . It is commonly accepted that the 26S proteasome represents the physiological relevant form of the proteolytic multi-enzyme complex (e.g., Coux et al. 1996; Baumeister et al. 1998; Voges et al. 1999; Galastegui and Groll 2010) . However, recent research revealed that the 20S unit is active under physiological conditions as well. The 20S proteasome seems capable of degrading protein with unstructured regions or oxidative modification in an ubiquitin-independent manner (Davies 2001; Grune et al. 2003; Liu et al. 2003; Orlowski and Wilk 2003; Asher et al. 2006 , Jariel-Encontre et al. 2008 ). We observed in our studies quite similar pattern of 20S and 26S chymotrypsin-like activities during the larval development of lobsters. Accordingly, it seems feasible that both the 20S and the 26S forms of the proteasome may be active during the molt cycles. This observation is in agreement with Mykles 1998 Mykles , 1999a , who suggested that 20S and 26S proteasome as well as intracellular Ca 2? -dependent proteinases may be involved in the complex pathways of muscle protein catabolism.
The activities varied distinctly between stages and within stages. While within Z1 larvae the activities continuously increased, the activity patterns in Z2 and Z3 seemed to be more related to the molt stage. It is likely that in the first larval stage, general anabolic processes happen, which may include the formation of effective cellular regulation capacities. The rising activities may reflect the continuous formation of the proteasome after the hatch of the larvae. Lower activities in the inter-molt individuals of Z2 and Z3 may indicate a period of lower protein turnover and, therefore, of lower proteasomal activities due to a down-regulation of enzyme expression. In contrast, the increasing activities particularly of the trypsin-like and the chymotrypsin-like sites of the pre-molt Z2 may indicate a phase of enhanced protein turnover closely before molt. The increase of activities was most distinct in the pre-molt Z2. In pre-molt individuals of the Z3, the activities followed a similar trend but the increase of activities was not statistically significant.
The lessened increase of activities in pre-molt Z3 may be explained by the difficult stage determination of the individuals during sampling. The only possibility we had to identify pre-molt larvae was to take other larvae as a clue and to interpolate the moment of sampling. Larvae of the first two zoea stages pass their development on average within 4 and 8 days, respectively. Furthermore, larvae of these stages molted into the next stage almost simultaneously, which made it relatively easy to collect them at a defined time shortly before molt. In contrast, Z3 larvae needed almost 13 days to reach the next stage and, moreover, they did not molt as simultaneously as the earlier stages did. Thus, individuals which might have been sampled too early caused an underestimation of the enzyme activities.
Similar to the 20S proteasome, which was isolated from adult lobster muscle tissue (Mykles 1997) , the proteasome of the larvae possessed highest trypsin-like activities and lower chymotrypsin-like and PGPH-like activities. Remarkably, besides the overall activities, also the ratios between the proteasomal activities changed during the larval development. While in freshly hatched larvae and in juvenile inter-molt individuals the trypsin-like site was dominant, the chymotrypsin-like site seemed to gain relevance in the Z2 and Z3 stages.
It was shown in several studies that the proteasome is characterized by high plasticity and, moreover, distinct tissue allocation and specificity (Cardozo et al. 1995; Mykles 1999b; Dahlmann et al. 2000) . All catalytic sites of mammal proteasomes are closely interlinked and may allosterically influence each other in a complex way (Kisselev et al. 1999 (Kisselev et al. , 2002 (Kisselev et al. , 2003 (Kisselev et al. , 2006 . Drews et al. (2007) reported on proteasome subpopulations with distinct molecular compositions and proteolytic activities. Gomes et al. (2009) compared the murine cardiac and hepatic 20S proteasomes and found an organ-specific organization of the 20S proteasome, which was concomitant with a functional heterogeneity in either organ. Similarly, differences in the relative abundance of proteasomal subunits in several mammalian tissues were revealed by Pelletier et al. (2010) .
Moreover, ontogenetic variations of proteasomal activities were reported in protists, invertebrates and vertebrates. De Diego et al. (2001) assumed that the enzyme plays an important role during the remodeling phase of Trypanosoma cruzi and indicated a significant role of the proteasome during the development of organisms. In the arthropod Drosophila melanogaster, a cell-specific accumulation of proteasome was reported during the early development (Klein et al. 1990 ). During embryogenesis, proteasomes were present in proliferating cells and accumulation and turnover were differentially regulated. Klein et al. (1990) , moreover, suggested that the proteasomes may serve different proteolytic processes and may be involved in cell-specific proteolytic events. Haass and Kloetzel (1989) raised the possibility that both in vivo proteolytic activity and the in vitro substrate specificity of the proteasome may be controlled by modifications of the subunit composition during the development. Á dám et al. (2004) studied the sub-cellular distribution of the 26S proteasome in ovarian tissues of D. melanogaster and concluded that also the sub-cellular distribution of the 26S proteasome is strictly tissue-and developmental stage dependent. Verras et al. (2008) showed that the expression of an a5-subunit of the 20S proteasome is up-regulated before mid-embryogenesis and at the onset of metamorphosis in the fruit fly Ceratitis capitata. Ahn et al. (1991) described tissue-specific changes in the enzymatic activities and the subunit pattern of the 20S proteasome during the embryonic development of chick. In the muscle tissue, overall peptide hydrolysis decreased between day 8 and day 20 of the embryonic development but, exceptionally, chymotrypsin-like activity increased between day 8 and day 12. Moreover, proteasomal casein degradation increased during the experiment. The authors concluded that proteasomal activities were under developmental regulation. Distinct changes in proteasomal activities also appeared in the liver tissue, but were not present in the brain tissue. Hong et al. (1994) found significantly different subunit pattern of proteasomes, which the authors isolated from the muscles, liver and the brain of chicken. Moreover, the proteasomes from embryonic tissues and adult tissues differed from each other indicating that proteasomal activities and subunit patterns are tissue specific and under developmental control.
Our results on lobster larvae complement remarkably the above listed findings in invertebrates and vertebrates. Accordingly, the changes in the enzymatic activities and variations in the ratios of trypsin-like and chymotrypsinlike activities of the 20S proteasome seems indicative of functional variations of the proteasome during the larval development of lobsters. During the molt cycle and, particularly, during ecdysis, the claw muscle tissue undergoes substantial changes. The enormous reduction of claw muscle tissue prior to each molt confront adult lobsters with serious degradation-and remodeling processes. Although the muscle mass has to be reduced so that the tissue fits through the narrow joint particularly between the ischium and the merus, the muscle has to maintain its contractile function. This is achieved through a distinct remodeling of the myofibrillar structures (Mykles and Skinner 1981; Ismail and Mykles 1992; Covi et al. 2010) . Surprisingly, the protein synthesis in the claw tissues is not reduced in pre-molt crustaceans, but instead significantly increased (El Haj et al. 1996; Mykles 1997) . The reason for the steady protein synthesis is a complex mechanism to remodulate the myofibrillar structures and to reduce the muscle tissue while the contractile function remains unimpaired (Mykles and Skinner 1981) . We assume that this mechanism, as it represents a period of enhanced protein turnover, will strongly depend on the balanced interplay of proteasomal activities. The proteasome is one of the main regulators of the cell-cycle (Richter-Ruoff and Wolf 1993; Naujokat and Hoffmann 2002) , differentiation processes such as remodeling (De Diego et al. 2001 ) and growth. Therefore, it seems likely that especially in the developmental stages which are characterized by high mitotic activity, growth and high transcription rates might demand an active and regulating proteasome.
In conclusion, elevated 20S and 26S proteasome activities clearly indicate an important contribution of the proteasome pathway in the larval development of clawed lobsters, most likely in the re-organization of muscle tissue during molt and growth. Beside the general increase of the proteolytic enzyme activities, the proteasome seems adjusted probably to better cope with higher protein turnover rates during the entire larval development. The detailed mechanisms and particularly the interplay between the Ca 2? -dependent calpain proteases and the proteasome need further investigation.
